Auditory neurophysiology has demonstrated how basic acoustic features are mapped in the brain, but it is still not clear how multiple sound components are integrated over time and recognized as an object. We investigated the role of statistical learning in encoding the sequential features of complex sounds by recording neuronal responses bilaterally in the auditory forebrain of awake songbirds that were passively exposed to long sound streams. These streams contained sequential regularities, and were similar to streams used in human infants to demonstrate statistical learning for speech sounds. For stimulus patterns with contiguous transitions and with nonadjacent elements, single and multiunit responses reflected neuronal discrimination of the familiar patterns from novel patterns. In addition, discrimination of nonadjacent patterns was stronger in the right hemisphere than in the left, and may reflect an effect of top-down modulation that is lateralized. Responses to recurring patterns showed stimulusspecific adaptation, a sparsening of neural activity that may contribute to encoding invariants in the sound stream and that appears to increase coding efficiency for the familiar stimuli across the population of neurons recorded. As auditory information about the world must be received serially over time, recognition of complex auditory objects may depend on this type of mnemonic process to create and differentiate representations of recently heard sounds.
Auditory neurophysiology has demonstrated how basic acoustic features are mapped in the brain, but it is still not clear how multiple sound components are integrated over time and recognized as an object. We investigated the role of statistical learning in encoding the sequential features of complex sounds by recording neuronal responses bilaterally in the auditory forebrain of awake songbirds that were passively exposed to long sound streams. These streams contained sequential regularities, and were similar to streams used in human infants to demonstrate statistical learning for speech sounds. For stimulus patterns with contiguous transitions and with nonadjacent elements, single and multiunit responses reflected neuronal discrimination of the familiar patterns from novel patterns. In addition, discrimination of nonadjacent patterns was stronger in the right hemisphere than in the left, and may reflect an effect of top-down modulation that is lateralized. Responses to recurring patterns showed stimulusspecific adaptation, a sparsening of neural activity that may contribute to encoding invariants in the sound stream and that appears to increase coding efficiency for the familiar stimuli across the population of neurons recorded. As auditory information about the world must be received serially over time, recognition of complex auditory objects may depend on this type of mnemonic process to create and differentiate representations of recently heard sounds.
multielectrode | electrophysiology | single-unit | memory | novelty A central question in neuroscience is how a sensory system combines the transduced features of a sensory experience into a unitary object that is recognized and available for further processing. In the field of auditory research, progress has been made on the mechanisms that encode basic acoustic features, but it still not clear how multiple sound components are integrated over time and recognized as a single object. A striking example is that, after only 2 min of passive exposure to a continuous stream of artificial words (nonsense sound sequences), infants extract and distinguish these "words" from other sequences based on the transition probability between syllables; this provides an explanation of how actual words may be initially recognized by infants, even though obvious boundaries (e.g., interword pauses) are absent in natural speech (1) . Further work with similar passive exposure paradigms showed that human adults and infants could also learn to distinguish consistent but nonadjacent patterns (2, 3) , and were thus able to learn invariant relationships despite variable intervening sounds. These experiments demonstrate that the brain can form a record of the recurring patterns in an ongoing stimulus stream. This occurs spontaneously in the absence of reinforcement or of any cues to what should be learned, and is referred to as statistical learning. The ability to extract invariant patterns through passive exposure is not unique to the speech/language system, because behavioral studies with similar paradigms in nonhuman primates, rats, and birds produced related results (4) (5) (6) (7) . In addition, human subjects can also learn the statistical regularities in nonlinguistic materials (8, 9) .
Despite the many techniques used to explore the mechanisms of statistical learning in audition, [e.g., EEG, functional MRI (fMRI)] (10) (11) , study at the single-neuron level remains to be done. We have addressed this problem by studying neurons in two auditory areas of the songbird forebrain where responses are modulated by passive experience: the caudomedial nidopallium (NCM) and the caudolateral mesopallium (CLM), which receive inputs from the thalamorecipient field L, and thus may correspond to superficial layers of mammalian A1 or to secondary auditory areas (12) . In these areas, neural responses show persistent adaptation to the playback of specific sounds, independent of intervening stimuli, a phenomenon referred to as stimulus-specific adaptation (SSA) (13, 14) . This form of SSA has not been described in rodents or nonhuman primates to our knowledge (15) ; it is very long-lasting (hours to days) and is sensitive to the order of elements within each stimulus, as well as to their acoustic structure. It thus appears to reflect recognition of compound auditory objects through a process of statistical learning.
In the present study, we used bilateral multichannel recordings in the caudal forebrain of awake birds in passive-exposure paradigms (based on those used in infant speech studies) to define neural mechanisms of statistical learning in the auditory system. We found that effects of passive exposure could be detected in the firing patterns of neurons in NCM and CLM. Responses to familiar invariant patterns were reduced relative to novel patterns for stimuli with contiguous transitions and for stimuli with nonadjacent elements. This reduction appears to reflect SSA and is associated with increased neural discrimination between familiar stimuli. Furthermore, differential responses to familiar nonadjacent patterns showed a difference between the two hemispheres; this learning effect was seen only in the right hemisphere and may reflect a top-down modulation that is lateralized.
Significance
Human infants and adults can extract statistical regularities from a continuous sound stream even when passively exposed. This type of unreinforced learning is important for language acquisition and auditory perception. We exposed songbirds, a well-developed model for studying perception and production of learned vocal signals, to sound streams and then recorded neural activity from the auditory forebrain. Responses demonstrated neuronal recognition of complex recurring patterns present in the stream, even for patterns made of nonadjacent sounds. These results show that passive exposure can create and differentiate representations of recently heard sounds in the neuronal population. Because auditory information about the world is received serially over time, recognition of complex auditory objects may depend on this type of ongoing memory process.
Results
Statistical Learning of Transition Probability. Four experiments assessed whether the songbird auditory forebrain records transition probabilities in a long sound stream during passive listening in the absence of reinforcement. Methods and terminology were adopted from human infant research (1) . In experiment 1, awake adult zebra finches (n = 5) first heard eight repetitions of a continuous stream containing six artificial "words" (each composed of six synthetic syllables; Fig. 1D and Methods) in a shuffled order. Immediately (<5 min) after the conclusion of last repetition of the continuous stream during awake electrophysiological recording, each bird was exposed to 12 different stimuli on individual trials [6-s interstimulus interval (ISI)] that included six "words" from the familiar stream and six novel "nonwords" made from the same syllables arranged in different order. No syllable transitions were shared between familiar words and nonwords. Responses to these test stimuli were obtained from single-unit (n = 99) and multiunit spike recordings at 75 sites in NCM (45 single units; 40 sites) and CLM (54 single units; 35 sites). The large majority (63%; 62 of 99) of the single units showed higher responses (spike rate) to nonwords over words. For single unit responses, the difference between nonwords and words was highly significant (Wilcoxon z = −3.43; P < 0.001; Fig. 1E , blue bar). When multiunit data (spikes that crossed a threshold; Methods) from each site were analyzed, 79% of sites (59 of 75) showed higher responses (spike rate) to nonwords over words (Fig. 1F , blue bar), and the difference between nonwords and words was again highly significant (Wilcoxon z = −5.87; P < 0.001). Overall, these results show that nonwords elicit larger responses, providing evidence that they are distinguished as novel and consistent with the observation that infants showed longer head-turning time to nonwords than words in a similar exposure paradigm (1). Thus, the bird's auditory system encodes information about the invariant syllable order of each word during passive exposure to the continuous syllable stream for 60 min; this is a form of statistical learning.
Experiment 2 assessed neural responses to additional invariant structure that is present in the long continuous stream of words. In the shuffled word sequence of experiment 1, pairs of different words can follow each other more than once. This effectively exposes the bird to "part-words," which consist of the last three syllables of each word and first three syllables of each other word (Fig. 1D) . Although the frequencies of most syllable transitions in part-words were the same as those in the two adjoining words, the syllable transition in the middle of each part-word had a 20% probability of occurrence in the word stream. To determine whether the brain could use the relative frequency of syllable pairs to distinguish boundaries between words from syllable transitions within each word (1), we first exposed a group of naïve birds (n = 5) to the long word stream, as in the first experiment, then tested with partwords as well as words (as in experiment 1).
The results showed higher responses to part-words than words in 61% of single units (66 of 109; Fig. 1E , red bar) and 74% of multiunits (55 of 74; Fig. 1F , red bar). These differences were significant in single-unit (Wilcoxon z = −3.64; P < 0.001) and multiunit data (Wilcoxon z = −4.68; P < 0.001). This difference is striking because words and part-words differ only in the probability of the transition between the third and fourth syllable in a given stimulus (100% for each word vs. 20% for each partwords). This result demonstrates that songbird neurons are sensitive to the transition probabilities, not just the order of syllables they hear during passive exposure to the sound stream.
In experiment 3, to rule out the possibility that the observed effect was caused by a nonspecific factor, we tested a third group The order of syllables in words, nonwords, and part-words. Syllables within a word are shown in the same color. Each syllable is labeled with a number indicating its order in pitch (low to high). Nonword sequences were made from the same syllables as words, but in a changed order. Part-words consist of the three final syllables of one word (red box) and the first three syllables of the next word (blue box). (E) Differences in single-unit responses between nonwords and part-words vs. words. Differences were significant for both nonwords (blue) and part-words (red) in NCM/CLM of birds exposed to the word stream, but not in field L (black) or in control birds (green) without preexposure. (F) The overall pattern of effects seen for single-unit data (E) was also seen for multiunit recordings; nonwords also showed a significantly larger effect than part-words. (G) Cumulative frequency distributions of differences in responses between words and part-words were symmetrically distributed around zero in NCM/CLM of control birds (green) and in field L (black) neurons. (H) NCM and CLM showed significant differences for nonwords vs. words in single-unit data, but NCM showed larger differences than CLM only in multiunit data. Error bars show ± SEM.
of naïve birds (n = 5) as controls. They were not exposed to the long sound stream, but were tested with the same stimuli as in experiment 2 as described earlier. There was no significant difference in responses between part-words and words in single-unit data (Wilcoxon z = −0.27; P = 0.784, Fig. 1E , green bar) or multiunit data (Wilcoxon z = −0.38; P = 0.705; Fig. 1F , green bar). Differences in responses between words and part-words were symmetrically distributed around zero (Fig. 1G , green trace).
In the results presented so far, data acquired from NCM and CLM showed similar patterns and were pooled together for analysis. To determine whether the two areas showed subtle response differences, we also analyzed multiunit and singleunit data from the three experiments with two-way repeatedmeasures ANOVAs in which NCM vs. CLM and left vs. right hemispheres were treated as two independent factors and responses to words and to nonwords or part-words were dependent measures. We found a significant interaction between NCM/CLM and responses to words and nonwords only in the analysis of multiunit data from the first experiment [words vs. nonwords; F(1,71) = 10.64; P = 0.002]. Further testing showed that the difference in responses between words and nonwords was significantly higher in NCM than in CLM (two-sample Kolmogorov-Smirnov test, P < 0.001; Fig.  1H ), although both showed significant effects (P < 0.01). Although this is consistent with the observation that that NCM represents familiarity more strongly than CLM (16) , the difference between NCM and CLM was not confirmed in the analysis of single-unit data from the same experiment or in the other two experiments.
In experiment 4, we explored whether the effects of passive exposure on differentiation between words and part-words seen in NCM and CLM could also be observed in recordings from the major source of their auditory input, the field L complex. This complex includes field L2, which is analogous to the thalamorecipient layer of A1 in mammals and projects indirectly across one or a few synapses in fields L3 and L1 to NCM and CLM, respectively (17) . These birds (n = 8) were exposed to the same word stream, then tested with words and part-words as in experiment 2. In field L recordings, we found no significant difference in responses between part-words and words in single-unit data (Wilcoxon z = −1.58; P = 0.115; Fig. 1E , black bar) or multiunit data (Wilcoxon z = −0.81; P = 0.420; Fig. 1F , black bar). Differences in responses between words and part-words were symmetrically distributed around zero (Fig. 1G, black trace) .
In sum, the first series of four experiments showed that, after 60 min of passive exposure to a long continuous sound stream, neurons in NCM and CLM have higher responses to stimuli with lower transition probability than to stimuli with higher transition probability in that sound stream. This effect is absent in a control group (experiment 3) that received no exposure. Furthermore, this effect is not seen in the field L complex, which is the main source of auditory input to NCM and CLM. Therefore, we conclude that areas NCM and CLM of the auditory forebrain may represent the first stage of the process of extracting invariant sound patterns (in this case, first-order conditionals) presented in an ongoing acoustic stream.
Decorrelation of Auditory Responses After Passive Exposure. Our observations show that auditory responses to high-probability familiar patterns were lower than responses to novel patterns. This reduction in responses is very likely a result of SSA, which is documented in these songbird auditory areas. However, it is still unknown whether the lower responses to familiar patterns convey information relevant to stimulus identification and/or discrimination. One possible mechanism is that the reduced responsesparser firing-to familiar sound sequences may reflect improved coding efficiency (18) . We speculated that the decreased response amplitude with adaptation would result in a lower correlation of responses between neurons for any given stimulus and thus reduce redundancy. A similar hypothesis has been extensively studied in visual research and provides a good explanation for some visual aftereffects that follow repeated exposure to certain patterns (19) .
To explore these possibilities, we reanalyzed single-unit response data for part-words vs. words in experiment 2 (birds with sound exposure) and experiment 3 (naïve animals). Multiunit data were not studied because each site can include responses from neurons with different selectivity. We first compared the amplitudes of responses to all stimuli in the two conditions ( Fig.  2A) . Absolute response amplitudes (i.e., spike rates) in naïve birds were significantly higher than in birds that heard the sound stream (Kolmogorov-Smirnov test, P < 0.001), presumably because all stimuli were novel. We then compared the correlations between responses elicited from different pairs of simultaneously recorded neurons as follows. For each stimulus, we calculated poststimulus time histograms (PSTHs, 10-ms bins) from the first 10 trials for all single units in each naïve (example in Fig. 2B ) and each sound-exposed (Fig. 2C) bird, then computed correlation coefficient between PSTHs for each pair of neurons recorded simultaneously from each bird. Correlation coefficients obtained from all neuron pairs were first averaged for each stimulus tested in each bird, and then the grand means for all stimuli in experiments 2 and 3 were compared. In sound-exposed birds, correlation coefficients between PSTHs were significantly lower than in naïve birds (Kolmogorov-Smirnov test, P < 0.001; Fig. 2D ). Therefore, the adaptation that occurs during passive exposure appears to underlie decorrelation in responses of different neurons. This might reflect more efficient coding and ultimately contribute to stimulus discrimination on the population level; however, a more conclusive understanding of the effect of decorrelation at the population level would require analysis of the correlation of response noise across sites (20) , which is beyond the scope of this study.
Lateralization and Learning Nonadjacent Patterns. In experiments 1-4, the words made familiar by passive exposure were all fixed sequences of six syllables. However, in the natural environment, ongoing sounds from different sources often overlap in time, and may interfere. Components of another source may overlap a target sound in a variable way. Thus, the invariant pattern of the target may have to be detected from the recurring relationship of nonadjacent components. This process is likely to be essential for recognizing auditory objects and may contribute to stream segregation for episodic sounds. To explore this, in experiment 5, we made a more stringent test of statistical extraction of invariant acoustic structure by songbird neurons by testing with second-order conditionals (i.e., nonadjacent regularities). Methods and terminology were borrowed from human psychophysics work (2) . We constructed a sound stream consisting of syllable triplets in which the first and the last syllables were fixed and the middle syllable was variable (Fig. 3A) , with forms, e.g., aXd, bXe, cXf ( Fig. 3B and Methods). As in the previous experiments, birds (n = 12) were passively exposed to the shuffled triplet stream, then underwent electrophysiological recording in NCM and CLM. For testing, the stimulus set included 24 familiar triplets from the passive exposure stream and 24 novel triplets. Each novel triplet was matched to a familiar triplet by having the same first and middle syllables or the same middle and last syllables, so that the position of any given syllable and the order between two adjacent syllables were the same, and the only difference was in the fixed relationship between the first and last syllables for familiar triplets.
Responses to triplet stimuli were obtained from 222 single units at 172 recording sites. Slightly more than half (54%; 120 of 222) of these single units showed higher spike rates to novel triplets than familiar triplets, and the difference in responses showed a nonsignificant trend (Wilcoxon z = −1.90; P = 0.057). When recordings from each site were analyzed as multiunit data, 63% of sites (107 of 172) showed higher response to novel triplets than familiar triplets, and the difference was significant (Wilcoxon z = −3.36; P < 0.001). When single and multiunit data were analyzed in a two-way ANOVA in which NCM vs. CLM and left vs. right hemispheres were treated as two factors, with responses to familiar and novel triplets as a repeated measure, a significant interaction was found between hemisphere and familiar vs. novel triplets [F(1,168) = 10.41; P < 0.002]. Further tests that compared responses to familiar and novel triplets for each single-and multiunit recording showed no difference in the left hemisphere [single units (Fig. 3C, blue bar) , n = 121, Wilcoxon z = −0.17, P = 0.869; multiunit (Fig. 3D, blue bar) , n = 93, Wilcoxon z = −0.58, P = 0.562]. In contrast, more than 61% (62 of 101) of single units and 71% (56 of 79) of multiunits in the right hemisphere showed stronger responses to novel triplets (single units, Fig. 3C , red bars; multiunits, Fig. 3D , red bars). The right hemisphere had significantly higher responses to novel than familiar triplets (single units, Wilcoxon z = −2.57, P = 0.010; multiunits, Wilcoxon z = −4.29, P < 0.001). These data show that neurons in NCM and CLM can record invariant patterns of nonadjacent sounds during passive exposure. Intriguingly, this process is seen in the right but not the left hemisphere. Similar results were seen in both regions studied; there was no significant interaction between NCM/CLM and the main effect [single-unit, F(1,218) = 0.41, P = 0.523; multiunit, F (1,168) = 0.43, P = 0.512] or interaction between NCM/CLM and the lateralization effect [single-unit, F(1,218) = 0.95, P = 0.331; multiunit, F(1,168) = 0.01, P = 0.927].
Temporal Characteristics of the Response to Novel Triplets. In a further analysis, we explored the time course of the response to novel nonadjacent patterns by using multiunit data to measure response patterns at the population level. We predicted that the difference in neural responses to novel and familiar triplets would occur at the onset of the last syllable of each triplet, because it is only then that the difference occurs and can be detected. We tested the difference in responses in each hemisphere during three time windows: (i) the first two syllables, (ii) the last syllable, and (iii) the 250-ms period starting at the offset of the last syllable (Fig. 3A, numbered boxes above sonogram) . In window 1, no significant differences between novel and familiar triplets were observed in either hemisphere, (left, Wilcoxon z = −0.75, P = 0.454; right, Wilcoxon z = −1.77, P = 0.077). In window 2, left and right hemispheres showed significant differences between novel and familiar triplets (left, Wilcoxon z = −2.45, P = 0.014; right, Wilcoxon z = −4.42, P < 0.001). Thus, this time-window analysis revealed an effect in the left hemisphere not seen in the data summed across the entire response. In window 3, only the right hemisphere showed significant differences between novel and familiar triplets (left, Wilcoxon z = −0.64, P = 0.521; right, Wilcoxon z = −3.72, P < 0.001). In addition, when differences between novel and familiar triplets were compared between the two hemispheres in each of the three windows, only window 3 showed a significant difference (two-sample KolmogorovSmirnov test, P = 0.046), indicating that most of the difference between hemispheres occurs in this late period. Therefore, a modulation after the offset of the last syllable contributes to the hemispheric difference. This late timing might reflect top-down modulation of auditory responses or a memory retrieval process that affects the two hemispheres differently.
Discussion
The present experiments demonstrate that the auditory forebrain of songbirds extracts and records first-order transition probabilities from a continuous stream of sounds without cues or reinforcement. This is seen as a higher response amplitude to novel over familiar patterns and is absent in recordings from field L, which provides the major input to NCM and CLM. Thus, NCM and CLM may be the first stage where neural extraction of invariant patterns occurs, without any necessary role for reinforcement. In addition, the temporal structure of neural responses to stimuli made familiar by passive exposure became less similar between neurons, suggesting enhanced coding efficiency. We also found that second-order conditional (nonadjacent) patterns were extracted and recorded from streams of triplet stimuli; this occurred primarily in the right hemisphere and included late response components that suggest a top-down influence on auditory responses. In recent years, neurons in the auditory forebrain have been recognized as much more than fixed filters extracting simple acoustic features. Accumulating evidence indicates that responses in the auditory forebrain encode the behavioral salience (21, 22 ) and probability of sounds (23) . Our results provide evidence that auditory responses are further modulated by statistical regularities experienced through passive sound exposure. Recurring patterns in the acoustic mixture (whether they occur in contiguous sequences or are separated by other variable sounds) are extracted and recognized, as evidenced by the reduced size of auditory responses to specific familiar compared with novel patterns. This rapid, experience-dependent plasticity in auditory responses may have two important implications: First, the reduced responses may effectively lower the probability that stimuli with familiar regularities will engage attention, and thus result in reduced behavioral responsiveness to these patterns, as has been observed in human infants, nonhuman primates, and birds (1, 4, 7) . Concomitantly, attentional resources may remain available when novel, variant, and potentially meaningful acoustic events are detected in the acoustic mixture. This combination of mechanisms may contribute to perception in complex auditory scenes (24) and is consistent with the hypothesis that sound memories may underlie templates that contribute to a schema-based auditory scene analysis (25) . A recent study in human psychophysics showed that repetitive exposure enhanced recovery of auditory objects in overlapping mixtures (26) , consistent with the hypothesis outlined here. Second, beyond a possible attentional effect, response reduction-sparsening of spike patterns that may reflect increased coding efficiency-may in turn function to increase discriminability of familiar patterns. Indeed, our results show that reduced responses were associated with decorrelation of the temporal structure of responses between different neurons, potentially increasing stimulus separation at the population level.
Our results also imply a possible mechanism that integrates temporally independent sounds into a perceptual object. In our design, familiar and novel stimuli share the same acoustic features during exposure; all that differs is the sequential relationship (transitional or nonadjacent) between distinct artificial syllables over a temporal scale of hundreds of milliseconds. Thus, discrimination of familiar from novel stimuli in the testing phase implies that a "memory" of sequential relationships between different sounds is formed during the passive exposure phase. We propose that this memory for sound patterns may work as a template that contributes to integrating multiple sounds into a perceptual auditory object. Furthermore, our results suggest two mechanisms that may contribute to this integration. The first-order contiguous invariant pattern may be processed locally in NCM and CLM, with SSA as the most likely underlying mechanism. Our data show no hemispheric difference for this type of processing. In contrast, the two hemispheres appear to play different roles in the extraction of second-order nonadjacent patterns. The response to the final syllable of the triplets (which distinguishes the novel stimulus) showed two significant components. The first, which may underlie the initial differentiation between novel and familiar patterns, was present in both hemispheres (reflecting SSA), but was stronger in the right. The second component, after the offset of the final syllable, was larger and only present in the right hemisphere. This later component may represent a further stage of the pattern extraction process that reflects the influence of top-down input from brain regions beyond the caudal auditory areas studied. Structures in the songbird forebrain that could be involved in the top-down process include (i) vocal motor structures, e.g., HVC and the lateral magnocellular nucleus of the anterior nidopallium, that contribute to vocal learning (27) (28) (29) and perception of grammatical structures (2, 7) and possibly (ii) the hippocampus, involved in statistical learning in vision (30), but not yet explored in songbirds. In any case, the recognition of nonadjacent patterns occurs primarily in the right hemisphere, which is known to have higher responses to conspecific vocalizations and adapt more rapidly than the left hemisphere (31) .
The exact relationship between our results and observations using EEG and fMRI methods in humans hearing artificial words embedded in a continuous stream is unclear. Observations from EEG (10) and fMRI (11) works suggest that some brain areas beyond the auditory system may be involved in auditory object recognition. Our timing data suggest the existence of similar influences in the songbird auditory forebrain, so the paradigm we have developed may provide a useful model to explore these modulatory effects at the neurophysiological level.
Taken together, our results demonstrate how processes of statistical learning that detect and store invariant structures in the ongoing auditory stream could contribute to assembling auditory sequences into compound auditory objects. SSA to recurring patterns appears to play a role in a continuous process that creates and differentiates representations of recently heard sounds across the population of neurons we recorded. Because auditory information about the world must be received serially over time, recognition of complex auditory objects may depend on this type of mnemonic process.
Methods
Subjects. Experiments used adult male zebra finches (N = 35) bred in our aviary or obtained from the Rockefeller University Field Research Center. Birds were housed on a 12:12-h light-dark cycle in a general aviary, where they could see and hear other birds. Food and water were provided ad libitum. All procedures conformed to a protocol approved by the institutional animal care and use committee of Rutgers University.
Stimuli. In experiments 1, 2, and 4, birds were preexposed to a continuous sound stream that contained 50 repeats of six different artificial words in a shuffled order. Each word consisted of six synthetic syllables in a fixed sequence without gaps, chosen randomly from a larger set of 36 syllables that differed only in fundamental frequency. No gaps or other acoustic cues indicated the start or end of each word. Two such streams containing different words were used in different subjects in a balanced design. Each syllable was a harmonic stack (250-ms duration) with a fundamental frequency that ranged from 400 to 2,384 Hz in the first set and from 416 to 2,430 Hz in the second set, with equal logarithmic increments in the two sets. The spectral emphasis and amplitude envelope of each syllable were derived from an average of natural zebra finch calls (24) to optimize responsiveness. Syllables were equated for rms amplitude, and stimuli were played back in a free field (60 dB sound pressure level at the bird's ears). In experiment 5, birds were preexposed to a triplet stream that contained six repeats of 72 different triplets (Fig. 3A) in a shuffled order. Triplet stimuli were assembled from the same artificial syllables described earlier, with no gap between syllables. Although the first and last syllables had fixed pitches (a, 400 Hz; b, 952 Hz; c, 1,801 Hz; d, 646 Hz; e, 1,331 Hz; f, 2,384 Hz), the middle syllables were 24 syllables randomly chosen from the syllable pool. There was a 750-ms gap between triplets in the stream. Two versions of the triplets (Fig. 3B) and corresponding triplet streams were constructed from the same 30 syllables. In the first, triplets took the forms aXd, bXe, and cXf; in the second, triplets took the forms aXe, bXf, and cXd. Animals were initially exposed to one of the triplet streams and then were tested with triplets from both versions. Triplets were balanced across animals.
Surgery. In preparation for electrophysiological recording, each animal was anesthetized with isoflurane (2% in oxygen) and placed in a stereotaxic apparatus. Marcaine (0.04 mL, 0.25%) was injected under the scalp, the skin was incised, and a craniotomy in the first layer of the skull exposed the bifurcation of the midsagittal sinus. Then, four smaller openings were made in the inner bone layer over NCM and CLM in both hemispheres. Dental cement was used to attach a metal post to the skull rostral to the opening and to form a chamber around the recording area. The chamber was then sealed with silicone elastomer (Kwiksil; World Precision Instruments). Metacam (0.04 mL, 5 mg/mL, i.m.) was given to relieve postsurgical pain. Anesthesia was discontinued and the bird allowed was allowed to recover under a heat lamp.
Passive Exposure Procedures. Two days after initial surgery (to allow for full recovery from anesthesia), each bird was isolated in a cage in a walk-in soundproof booth (IAC). In experiments 1, 2, and 4, birds were exposed to the continuous stream of artificial words in a shuffled order; the stream lasted 7.5 min and was repeated seven times with 10-min gaps. The bird was then restrained in a comfortable tube, the implanted head pin was fixed to the stereotaxic frame, and the bird was prepared for electrophysiological recording. When all microelectrodes were in place (<1 h) the stream was played one more time, immediately followed by testing with the appropriate auditory stimuli. In experiment 3, birds received no exposure. In experiment 5, as described earlier, unrestrained birds were first exposed to the triplet stream (Fig. 3A) , which lasted 10.8 min and was repeated three times with 10-min gaps. Then the bird was restrained and heard the triplet stream one more time at the start of electrophysiological testing.
Electrophysiology and Stimulus Presentation. Recordings were made at 16 sites (n = 4 each in NCM and CLM in both hemispheres) using glass-insulated platinum/tungsten microelectrodes (2-3 MΩ impedance) independently advanced by a multielectrode microdrive (Eckhorn; Thomas Recording). Signals were amplified (×19,000) and filtered (bandpass 0.5-5 kHz), then acquired at 25 kHz per channel using Spike 2 software [Cambridge Electronic Design (CED)]. White noise stimuli with the amplitude envelope of canary song were presented to search for responsive sites. When all electrodes showed responses, the bird heard a final playback of the long word stream or the triplet series, followed by the testing stimuli. In experiments 1-4, each stimulus word was presented individually at 6 s ISI during testing. The stimulus set included six novel nonwords and six words or part-words (Results) from the familiar stream. Words and nonwords were repeated 20 times each in shuffled order. In experiment 5, each testing stimulus set included 24 triplets from the familiar stream and 24 novel triplets. Each stimulus was repeated 20 times in shuffled order at 6 s ISI. At the end of the session, eight small electrolytic lesions (20 μA for 15s ) were made to enable histological reconstruction of recording sites.
Histology. At the conclusion of the experiment, the animal was killed with an overdose of pentobarbital, then perfused with saline solution and paraformaldehyde. Sagittal sections were cut at 50 μm on a Vibratome, then stained with cresyl violet. Lesion sites were confirmed histologically to be in NCM and CLM by using cytoarchitectonic landmarks.
Analysis of Neural Responses. The spike waveforms of single units were detected by using template-based digital clustering algorithms implemented in Spike2 software (CED). Single-units were validated by analysis of the interspike interval histograms. To be accepted, a unit had to have contamination rate (<2% of interspike intervals under 2 ms, corresponding to spike rates > 500 Hz). The same recordings were also analyzed as multiunit spiking activity by counting all spike waveforms that crossed a threshold (2 SDs above baseline). The spikes of a single unit typically represent only a small percentage of all multiunit spikes at each recording site, so we report single-unit and multiunit data. Spike rates were calculated in spikes per second over a control window (500 ms before stimulus onset) and over a response window (from stimulus onset to offset plus 250 ms) on each trial. Response amplitude was quantified as the difference between the spike rate in the response and control windows. For each stimulus, response rates were then averaged across the first seven trials for experiments 1-4 and the first five trials for experiment 5. For statistical analysis, the mean responses to all familiar and novel stimuli were calculated for each single-or multiunit channel, and compared as repeated measures by using the Wilcoxon matched-pairs test, with P < 0.05 as the criterion for significance. Two-sample Kolmogorov-Smirnov tests were used to compare responses across different brain regions.
